Streptococcus mutans Ingbritt was grown anaerobically in a chemostat with a glucose limitation, as well as with an excess of glucose (amino acid limitation) at dilution rates (D) between 0.05 and 0.4 h-1 (mean generation time = 12 to 1.5 h).
enolpyruvate phosphotransferase system (PTS) in the two types of cells showed that the glucose-limited cells had 1.7-to 5.6-fold greater PTS activity for the three sugars than the glucose-excess-grown cells. Whereas little difference was seen between the three sugars with the latter cells, the glucose-PTS had the greatest activity with glucose-limited cells, with the maximum in cells grown at D = 0.1 h-1. Comparison of the rate of sugar uptake in the chemostat with the rate of PTS transport activity in the cells at each growth rate demonstrated that only under conditions of slow growth with a glucose limitation was the PTS system capable of supporting growth on glucose. Furthermore, PTS activity in cells grown with an excess of glucose was insignificant when compared with glucose uptake during growth in the chemostat. This evidence supports the observation that S. mutans possesses at least one other system, in addition to the PTS, for the transport of glucose into the cell. The organism was, however, devoid of glucose-proton symport transport activity.
Oral streptococci constitute a significant fraction of the microbial community on the tooth surface (1, 14) . These bacteria are known to transport glucose into cells via the phosphoenolpyruvate (PEP) hexose phosphotransferase system (PTS) (5, 12, 17) . In this system, a soluble enzyme (EI) catalyzes the phosphorylation of a heat-stable protein, employing PEP as the phosphoryl donor. Heat-stable protein is regenerated after the transport and phosphorylation of the appropriate sugar through a reaction catalyzed by a membrane-bound, sugar-specific enzyme (EII). Whereas studies with other bacteria, notably Escherichia coli, have shown that transport actually requires additional enzymic factors (see 16) , little is known about the specific components of the PTS in the oral streptococci. (6) .
Cells were collected via the overflow from each chemostat into a container cooled in ice for various periods, usually overnight. They were then harvested by centrifugation (8,000 x g for 15 min) and washed once in potassium phosphate buffer (20 mM, pH 7.0) by centrifugation. The cells were suspended in saline at a concentration of =30 mg/ml and stored in ice until used. For each experiment, washed cells (7 to 10 mg) were suspended in a volume of 2.0 ml of 20 mM potassium phosphate buffer. The sugar (100 pI of 30-mg/ml solution in water) was added, and the pH was kept constant at the required value by the addition of standardized 0.1 M NaOH with the radiometer pHstat system (model 26 pH meter, type SBR2c Titregraph Titrator II and Autoburette ABU 12). The cell suspension was mixed by a magnetic stirrer, and the suspension was kept anaerobic by the passage of a slow stream of nitrogen gas through the mixture. The rate of alkali addition was recorded for sufficient time (usually for 4 to 8 min) to permit the establishment of a linear rate. Replicate samples done sequentially were reproducible within 5%. Samples taken after storage of the cell suspension in ice for 18 h were within 10%, as were samples prepared from cells taken directly from the chemostat while the culture was in steady state. Units of glycolytic activity are expressed as nanomoles of metabolic acid neutralized x milligrams (dry weight) of cells-' x minute-.
Assay for PEP phosphotransferase activity. Sugar transport via the PEP PTS was assayed by the method of Kornberg and Reeves (13) with washed cells made permeable with toluene. Cell samples (50 ml) were removed directly from the chemostat, centrifuged at 10,000 x g (15 min), washed by centrifugation, and suspended in phosphate buffer (50 mM, pH 7.0) at a concentration of 4 to 10 mg of cells (dry weight) per ml and mixed vigorously on a Vortex mixer with 0.01 volume of toluene for 60 a. As shown in Table 1 , this toluene treatment gave the optimal results for cells derived from all growth rates with glucose-limited cultures; 10 pl toluene was also shown to be optimal for glucose-excess cultures. The conditions VOL. 23, 1979 on November 3, 2017 by guest http://iai.asm.org/ Downloaded from of assay were as previously described (6) . Net P activity is expressed as nanomoles of pyruvate forn x milligram (dry weight) of cells-x minute'.
Assay for glucose transport via proton 8y port. Cells of S. mutans Ingbritt were assayed glucose -Ho symport activity under the conditi described by Henderson et al. (8) . Cells, growing in chemostat under conditions of glucose limitation s dilution rate of D = 0.4 h-1, were collected in ice foi h, harvested, and washed as previously described One-half of the cells were suspended in saline mg/ml), whereas the remainder were suspended in mM phosphate buffer (pH 7.0) (36 mg/ml). A port of the latter cells was incubated at 370C for 60 miu deplete any glycogen present, washed, and suspend in anoxic 150 mM KCI-2 mM glycylglycine buffer ( Rate of acid production in the chemostat. Because S. mutans Ingbritt ferments glucose during growth with the production of acid end products and because the chemostat cultures were maintained at pH 6.5 by the addition of NaOH, it was possible to determine the rate of acid production in the chemostat from the following equation, which is analogous to Analytical procedures. Glucose and metabolic end products present in the culture fluid were assayed after rapid filtration (<5 s) to remove cells as previously described (4).
RESULTS
Growth parameters in the chemostat.
The growth parameters of the culture of S. mutans Ingbritt growing under conditions of glucose limitation and nitrogen limitation (glucose excess) are presented in Table 2 as a function of the dilution rate. Because the dilution rate is equal to the exponential growth rate, the values ITS Both the yield of organism and the Y,,uco. were higher in the glucose-limited culture than in the glucose-excess culture; in fact, the latter values were greater than 10-fold higher for the glucoselimited culture than for the culture presented with excess glucose. Lactic acid was the major end product of metabolism in the glucose-excess culture, whereas acetic and formic acids, as well as ethanol, were the major products in the glucose-limited culture at all dilution rates.
Glycolytic activity. Because acid production by oral bacteria is responsible for dental caries (11), we were interested in determining the ability of S. mutans Ingbritt, growing under various conditions, to metabolize various sugars with the production of acid. As shown in Fig. 1 maximum activity was observed in D = 0.1 h'1 cells. As has been observed previously (unpublished data), PTS activity decreased as the growth rate increased. Sucrose-PTS activity at the higher dilution rates of 0.2 and 0.4 h-' was similar to that observed with glucose; however, significantly lower sucrose-PTS activity was observed at D = 0.05 and 0.1 h-1. Fructose-PTS activity, as was the case with metabolic acid production (Fig. 2) , was much lower than that for both glucose and sucrose. Maximum PTS activity for both sucrose and fructose was ob-
Glucose transport in the chemostat. The variation in PTS activity in S. mutans seen here and elsewhere (6) leads one to question whether the activity of this transport system is related to the rate at which cells utilize glucose for growth in the chemostat. From the data in Table 2 , it is possible to calculate (equation 1) (9) the amount of glucose utilized per milligram (dry weight) of cells per minute for cells growing in the chemostat. When these data are plotted for the glucoselimited culture, the rate of glucose utilization during growth increases in direct relation to the growth rate (Fig. 4) . Plotting the rate of glucose-PTS activity in the same manner illustrates that the PTS is only capable of sustaining glucose uptake during growth up to a growth rate of about 0.17 h-'; beyond this growth rate, additional transport activity would appear to be necessary to support growth. Analysis of the data obtained with S. mutans Ingbritt growing under conditions of glucose excess (nitrogen limitation) gives a somewhat different picture (Fig. 5) . In this case, the rate of glucose transport via the PTS is much too low to account for a significant amount of glucose uptake during growth at all growth rates studied.
Additional information can be obtained from these experiments by calculating the rate of acid formation by the cells metabolizing glucose during growth in the chemostat (equation 2). As shown in Fig. 4 , the rate of acid production by the cells growing under conditions of glucose limitation was coincident at all growth rates with the values representing the theoretical conversion of sugar to acid (i.e., 2 x glucose concentration utilized). This indicates complete conversion of the sugar substrate to acid end products. published data), leads to some understanding of how this transport system relates to the growth of the organism. For cells growing in the chemostat under conditions of both glucose limitation and glucose excess, the rate of glucose uptake plotted versus the dilution rate (Fig. 4 (9) with several strains of A, = .
E. coli and presumably relates to the minimum The glucose-PTS has been shown to be the DILUTION RATE rate-limiting step during the growth of E. coli 5. Comparison ofthe rate ofglucose transport (9) and Klebsiella aerogenes (3) at growth rates PTS (0) with the rate ofglucose uptake (U) above D = 0.2 h-' in the chemostat under conacid formation (A) by cells of S. mutans ditions of glucose limitation. Such a relationship growing with excess glucose (N limited) in a between glucose-PTS activity and glucose uptat. Theoretical rate of acidproduction (/\) take in the chemostat is not seen with glucoselimited cultures of S. mutans Ingbritt (Fig. 4) . er, for the glucose-excess culture (Fig. 5) , In the present study, glucose-PTS activity was D of acid production was less than 2 x the sufficient to account for glucose uptake in the glucose utilization, indicating that a sig-chemostat only at the lower growth rates (i.e., t portion of the glucose substrate was <0.17 h-1). As the growth rate increased, the gap as intracellular polysaccharide.
between the total glucose uptake in the chemoon symport activity. Because glucose stat and the glucose-PTS increased (Fig. 4) . rt via the PTS does not account for all Thus, it would seem that the PTS may be the transport capacity of growing cells and rate-limiting, high-affinity transport system at a preliminary evidence suggests that slow (i.e., <0.17 h-1), but not fast growth rates, ine 5'-triphosphate does not directly sup-as it is with E. coli (9) and K. aerogenes (3). e transport of glucose in decryptified cells It is apparent from the above analysis that at )us oral streptococcal strains (12, 17) , we least one other transport activity must function )ok to determine whether S. mutans Ing-in S. mutans at fast growth rates in addition to ilized the activated-membrane state (18) the PTS. The metabolic significance of this ada glucose transport. ditional system is of course dependent on process known to transport sugars into whether the total PTS activity is being meaa is the cotransport of protons and sugars sured in our assay. Although an absolute statehemiosmotic mechanism (8) . Transport ment cannot be made on this point, it is clear h a mechanism is accompanied by an from Table 1 that the concentration of toluene e pH change during carrier-mediated dif-used for decryptification (10 pl/ml) was optimal of the sugars into the cells. To test this for cells at all growth rates. Furthermore, the [ity, washed cells of S. mutans Ingbritt, activity observed in the experiments reported glucose limited at a dilution rate of 0.4 here was at least fourfold higher than that rere examined for an alkaline pH change ported by Schachtele and Mayo (17) for S. muthe initial stages of sugar utilization. A tans 6715 (assuming that 50% of the cell dry of cell treatments were employed weight is protein) and at least eightfold higher d and suspended in saline or buffer, than that reported by Hamilton (5) with several cells suspended in buffer), as well as strains of the same organism. Both of the latter substrates (glucose, sucrose, fructose, 2-studies employed the nonmetabolizable radiolucose). In all cases, no alkaline pH active substrate, 2-deoxyglucose, to measure PTS activity. One would expect, for thermodynamic reasons, that this assay would produce lower activity due to the intracellular accumulation of the phosphate derivative. Another factor which must be kept in mind is that the latter two studies employed cells grown in batch culture, which can result in lower PTS activity (9) .
As seen in Fig. 3 , cells grown with an excess of glucose (nitrogen limited) possessed very much lower glucose-PTS activity than cells grown with a glucose limitation. As a result, a comparison of the rate of glucose uptake by these cells in the chemostat with glucose-PTS activity in the same cells indicates that the latter system accounts for only a minor fraction of the total transport activity, which itself is greater than the glucose-limited cells. A similar result has also been observed with S. mutans FAI growing under identical conditions. Thus, from this and previous work, it can be seen that PTS activity in cells of S. mutans is repressed under conditions of low pH (6), rapid growth (Fig. 3) , and high sugar concentrations (Fig. 3) . A fourth factor now identified would be the concentration of inorganic phosphate because chemostat cultures of S. mutans Ingbritt, grown under conditions of phosphate limitation with glucose, were shown to be devoid of PTS activity (unpublished data). This would be in contrast to the results obtained by Carter and Dean (3) demonstrating that PTS activity in K. aerogenes was unaffected by growth with a phosphate limitation.
In addition to glucose uptake, interesting comparisons can also be seen by plotting the actual rate of acid production in the chemostat against the growth rate, as well as the theoretical rate, assuming that 1 mol of glucose is converted to 2 mol of acid. The glucose-limited culture converted all of the glucose to metabolic acid end products, indicating that the organism growing glucose limited in the chemostat was using glucose only as an energy source. With the glucoseexcess culture, on the other hand, the actual acid production rate, except at D = 0.05 h-', was lower than the theoretical rate, and this difference increased as the growth rate increased. This indicated that more of the cell biomass was derived from glucose as the growth rate increased. Furthermore, these latter cells produced much less acid when incubated with glucose in vitro in a buffer suspension in the pH stat than the same cells growing in the chemostat. This suggests that something which is growth limiting under these growth conditions may be required to drive the glucose uptake system in these cells.
The transport of simple carbohydrates into cells of S. mutans by mechanisms other than by group translocation, such as the phosphotransferase system, have not been previously reported. Although one cannot fully exclude facilitated diffusion as a mechanism, one would assume that the most likely alternative would be an active transport process. This, of course, implies transport against a concentration gradient without modification of the transported molecule. Transport in this category is now thought to be divided into (i) binding protein-associated transport systems, which utilize the energy of adenosine 5'-triphosphate or a compound derived from it, or (ii) an activated-membrane state, which derives energy from ionic electrochemical gradients (i.e., chemiosmotic systems) (18) . The early studies on the activity of the PTS in oral streptococci (12, 17) 
